The expedited near-real-time Level 1.5 Cloud-Aerosol Lidar (Light Detection and Ranging) 16
Introduction 8
Aerosols have an impact on the global radiative budget directly via scattering and absorbing 9 incoming and reflected solar Radiation, and indirectly, via the modification of cloud 10 microphysical properties that lead to changes in cloud radiative properties along with cloud 11 lifetimes (Haywood et al., 2003; Yu et al., 2006) . Lidar is a very useful technique for 12 characterising the vertical dispersion of aerosol plumes through examination of the 13 backscatter signal and aerosol properties such as shape, from the depolarization channel, that 14 can elucidate particle composition, in particular, for Saharan dust or volcanic ash plumes 15 (Groß et al., 2010; Papayannis et al., 2002) . Several research programmes in Europe 16 performed routine long-term observations of the optical properties of different aerosol types 17 (Giannakaki et al., 2009; Mattis et al., 2004 Mattis et al., , 2008 ; however, such studies were typically 18 limited to single geographical locations. In order to study aerosol transport on a larger spatial 19 scale, lidar networks are deployed (Bösenberg et al., 2003; Pappalardo et al., 2014) , in 20 conjunction with space borne platforms. In 2000, EARLINET was established to provide a 21 comprehensive statistically representative data set of the aerosol vertical distribution. At 22 present, 27 European stations contribute to this network by performing the measurements few 23 times per week according to the schedule (Pappalardo et al., 2014) . There are other lidar 24 networks and one of them is the NASA Micro-Pulse Lidar Network (MPLNET). 21 25 permanent stations of this network are deployed worldwide from the Arctic to the Antarctic 26 regions, which continuously measure aerosol and cloud vertical structure day and night (Lolli 27 et.al., 2014) 
where σ i is the attenuated backscatter uncertainty at the range bin µ and N is the number of 27 Level 1 profile range bins. 28
EARLINET was chosen as the reference network for this inter-comparison. At present, this 29 network is one of the most sophisticated lidar networks in the world. The ground-based lidarmeasurements used in this study were acquired from the EARLINET portal 1 www.EARLINET.org for the period from November 2010 to December 2012 as well as for 2 several days in April and May 2010 during the Eyjafjallajökull volcano eruption. The aerosol 3 backscatter coefficient profiles with uncertainties were provided in each of the EARLINET 4 files. The EARLINET profiles were averaged over the time interval which varied between 5 30 min and 2 hours. CALIOP-EARLINET inter-comparisons were only considered for 6 coincident overpasses, defined as having a CALIOP ground track within a 100 km distance 7 from the EARLINET station. The backscatter coefficients provided by EARLINET were 8 converted into total attenuated backscatter values using the method described below. 9
The CALIOP instrument directly measures profiles of the total attenuated backscatter as seen 10 from space, and NASA provides them in the Level 1.5 data set. These profiles were chosen 11 for the inter-comparison in order to assess CALIOP measurements. The EARLINET stations 12 produce aerosol backscatter coefficients and so the two different backscatter coefficients 13 cannot be inter-compared directly. For this reason, a method similar to that of Mona et al., 14 (2009) 
where T 2 (z) is the two-way transmittance from the lidar in space down to the altitude z, and 21 β tot is the total backscatter coefficient, defined as 22
where β par is the particulate (aerosol) backscatter coefficient, and β mol is the molecular 24 backscatter coefficient. 25
In order to calculate the total backscatter coefficient β tot , the EARLINET particulate 26 backscatter coefficient is used as β par in Eq. (3) and the molecular backscatter coefficient β mol 27 is calculated from the atmospheric temperature and pressure profiles (Sissenwine et al., 1962) . 28
The molecular backscatter and extinction cross sections for air appropriate for CALIOP are 29 given in NASA documentation by Powell et al., (2010) where σ back is the backscatter cross section given above, and P(h) and T(h) are the pressure 7 and the temperature of standard atmosphere. The two-way transmittance for a downward-8 looking lidar is calculated using the following equation: 9
where top is the highest altitude of the profile (nominally 20 km), and α(z) is the total 11 extinction coefficient, which is the sum of the particle extinction coefficient α par and the 12 molecular extinction coefficient α mol . 13
The particle extinction coefficient α par is calculated according to 14
15 where β par is the EARLINET particle backscatter coefficient and S a is the particulate 16 extinction-to-backscatter ratio, (commonly known as the lidar ratio). The lidar ratios are 17 provided by EARLINET stations only for a small fraction of the coincident measurements. 18
The reason is that the lidar system needs to be equipped with a Raman channel for 19 independent extinction profile measurements, and these measurements are available only 20 during night-time because of low signal-to-noise ratio during daytime. Therefore, the lidar 21 ratios used in this study correspond to the aerosol types identified in the CALIOP Level 1.5 22 data set. The extinction coefficients α par were estimated from the EARLINET backscatter 23 coefficients β par by using Eq. (6) , where the lidar ratios S a were extracted from CALIOP. 24
After calculating the terms α mol and α par , the transmittance was derived using Eq. (5) and the 25 EARLINET total attenuated backscatter profile was calculated using Eq. (2). 26
The methodology described in this section uses the CALIOP derived information (lidar ratio 27 S a ) for converting the EARLINET particle backscatter coefficient into total attenuated 28 backscatter, so the EARLINET derived products are not independent from CALIPSO ones.
In order to reduce the noise in the CALIOP signal (especially during daytime), the five 1 profiles of the CALIOP total attenuated backscatter closest to the EARLINET station were 2 averaged and then compared to the total attenuated backscatter of the EARLINET station. All 3 of our CALIOP data points therefore correspond to spatial averages 100 km in length along 4 the ground tracks, centered at the points of closest approach to the EARLINET stations. 5
To enable direct comparisons, the altitude scales of the EARLINET lidar profiles were 6 adjusted to be the same as that of CALIOP (above mean sea level) at 60 m vertical spacing. In 7 this way we obtained pairs of values at each altitude, referred to here as "data points", for 8 each overpass. 9
In this work, the total attenuated backscatter for CALIOP (β att.CAL ) and EARLINET (β att.EARL ) 10 are compared. In order to quantify the agreement between CALIOP and EARLINET 11 measurements, the correlation coefficient, the mean bias, and the factor of exceedance are 12 used (Kristiansen et al., 2012) . Their defining equations are provided below. 13
The correlation coefficient R is defined in the usual way as 14 The mean bias (MB) is defined as : 19 ( )
where N is the number of the data points in the height range where both CALIOP and 21 EARLINET attenuated backscatter data are available. 22
The factor of exceedance (FoE) which is defined as: 23
where N(β att . CAL >β att.EAR ) is the number of data points in which CALIOP backscatter 1 coefficient measurements are higher than the coincident EARLINET observations. The FoE 2 value can vary between -0.5 (all CALIOP values are underestimated) and +0.5 (all CALIOP 3 values are overestimated). 4
Results 5

Case studies 6
Two particular cases of CALIOP overpasses were chosen to demonstrate the methodology 7 described in Sect. 2 and to show CALIOP's capability to detect aerosol layers under different 8 conditions. CALIOP overpasses close to the Barcelona and Granada EARLINET stations are 9 used in this illustration. The first overpass represents one of the best agreements between 10 CALIOP and EARLINET stations out of 48 overpasses; the second overpass is an example of 11 a case with discrepancies between the measurements by the two instruments. 12
The CALIOP overpass map for the first case study (Barcelona) is shown in Figure 1 The second case study was carried out for a CALIOP overpass over the Granada EARLINET 22 station ( Fig. 3 ) and it represents a Saharan dust event, which stretched from the region of 23 western North Africa over Gibraltar towards the southern part of Spain. The hybrid single 24
particle Lagrangian integrated trajectory model (HYSPLIT) (Draxler and Rolph, 2013) was 25 used to analyse the origin of the air mass. The backward trajectory analysis confirms that the 26 air mass came from Africa, the Sahara region. The results of the analysis are shown in Fig. 4 . 27
The attenuated backscatter vs. altitude is shown in the left panel of Fig. 5 . A dust layer is 28 detected between 4 km and 6.5 km by both lidars, however, the CALIOP profile differs from 29 the EARLINET profile at the higher altitudes by an amount outside the uncertainty bounds of 30 the instruments. There are some additional discrepancies between CALIOP and EARLINETmeasurements (left panel of Fig. 5 ). The top of the CALIOP-detected dust layer is 1 approximately 500 m higher. There were two distinguishable aerosol layers in the 2 EARLINET backscatter profile, namely the primary one between 5 km and 6 km altitude and 3 a secondary one around 2 km altitude. However, the secondary layer in the PBL region is 4 barely distinguishable in the CALIOP profile. 5
Those differences between two profiles could happen for few reasons. Since Granada is 6 located in a valley, the temperature inversion is pretty usual phenomena there. The inversion 7 could trap the pollutants that form near ground-level. It is worth to mention also that both 8 measurements were separated by a distance of 67 km with the Sierra Nevada mountain range 9 (elevation 3.5 km) between the station and the CALIOP track. As a result, all earlier 10 mentioned circumstances (the mountains, the temperature inversion and the distance) could 11 limit the CALIOP's abilities to detect the local pollution within the PBL. In contrast, this 12 local pollution event was successfully detected by the EARLINET station in the valley. 13
Another reason for the discrepancy could be an invalid CALIOP aerosol type classification. 14 However for this specific case, CALIOP detected the layer as a dust layer and the lidar ratio 15 S a provided in EARLINET file was equal to 55 (dust). That eliminates the possibility of 16 invalid type classification for this case. It is likely that local topographic location combined 17 with trapped local pollutants during the summer period (e.g. smog) negatively influenced the 18 agreement between the CALIOP and EARLINET measurements. As a result, the correlation 19 between two profiles is not as strong as in the first case, during which no obvious obstacles 20 were present between the Barcelona EARLINET station and the CALIOP track on 21
Mediterranean Sea. Thus for the second case, the correlation coefficient was 0.47 while the 22 mean bias was -0.09 Mm -1 sr -1 . Consequently, the factor of exceedance was -0.15, which 23
shows that 65 % of the CALIOP total attenuated backscatter values were lower than 24 EARLINET values. 25
The next section provides an overview of the agreement between CALIOP and EARLINET 26
attenuated backscatter values for all of the CALIOP overpasses with ground track offset 27 distances of 100 km or less. 28
EARLINET-CALIOP comparison with ground track distance 100 km 29
From November 2010 to December 2012, 48 CALIOP overpasses occurred within a 100 km 30 distance from an operating EARLINET station, with aerosol layers classified as dust, polluteddust, clean marine, clean continental, polluted continental, mixed and/or smoke/biomass 1 burning. These 48 overpasses resulted in 7405 data points that were deemed valid for 2 evaluation against EARLINET. The scatterplot of CALIOP and EARLINET attenuated 3 backscatter values for all of these data points is shown in Fig. 6 . 4
The CALIOP and EARLINET data correlate well (R = 0.86), with a mean bias equal to 0.03 5 Mm -1 sr -1 , while the factor of exceedance value is 0.17. The latter statistical parameter 6
indicates that 67 % of the CALIOP attenuated backscatter values were higher than the 7 corresponding EARLINET measurements. However, there were several points that deviated 8 from the 1:1 line. In order to investigate the cause of these outliers, the data were colour 9 coded by the overpass distance (Fig. 6 ) and the vertical height of the aerosol layer (Fig. 7) , 10 which revealed that the majority of the outliers were observed when the distance between the 11 EARLINET station and CALIPSO overpass exceeded 30 km. Moreover, the correlation 12 seemed to be dependent on the height of the aerosol layer, where the larger discrepancies are 13 observed for low altitudes. This is also in agreement with Mona et al., (2009) and Pappalardo 14 et al., (2010) . Furthermore, the correlation seemed to be dependent also on the presence of 15 multiple layers in the FT and the PBL at the same time (as in the second case study). 16
Therefore, further analysis was performed for the PBL and the FT separately. 17
PBL and FT with ground track distance 100 km 18
The PBL height was assumed to always be 2.5 km for this analysis (Mattis et al., 2004; 19 Pappalardo et al., 2004) . The scatterplots for the separated PBL and FT datasets are shown in 20
Figs. 8 and 9 and characterized by R, MB and FoE parameters (Table 2) . 21
The correlation is significantly stronger for the FT (R = 0.85) compared to the PBL 22 (R = 0.60). The factor of exceedance for the FT equals 0.22, which indicates that 72 % of the 23 CALIOP total attenuated backscatter values were higher than the EARLINET values, with a 24 mean bias of 0.06 Mm -1 sr -1 . Correspondingly, the FoE for the PBL was equal to -0.12 and 25 MB = -0.14 Mm -1 sr -1 , which suggests that only 38 % of CALIOP values were higher than 26 EARLINET values in the PBL. 27
The aerosol layers in the free troposphere are often characterized by smaller horizontal 28 variability compared to the PBL, it is then likely that a higher EARLINET-CALIOP 29 correlation can occur in the FT. On the other hand, the boundary layer, especially during 30 convective periods, undergoes higher temporal and spatial variability due to continuous PBLupdraft and FT downdraft. That could influence lower correlation between CALIOP and 1 EARLINET in the PBL. Moreover, when an aerosol layer occurs in the FT, it attenuates the 2 CALIOP lidar signal that will have less energy to penetrate further down into the PBL. To 3 investigate that idea, data filtering with threshold values from the second case study were 4 used. However, this choice reduced the amount of CALIOP overpasses from 48 down to 27, 5 while the number of data points available for the comparison dropped from 7405 down to 6 3398. 7
Filtered PBL and FT with ground track distance 100 km 8
In this analysis, the data points were selected from the CALIOP overpasses based on 9 threshold values of the column backscatter coefficient (vertically summed values). These 10 values were derived from the second case study (with aerosol layer occurring in the FT above 11 the PBL) in two chosen altitudes ranges (up to 3 km and above 3km). The threshold column 12 backscatter value for the altitude range up to 3 km was 38 Mm -1 sr -1 , while the value above 3 13 km was 71 Mm -1 sr -1 . Next, only CALIOP overpasses with detected aerosol with lower than 14 these threshold values were used in the analysis. After applying such filtering, the statistics 15 are presented in Table 3 . 16
The scatterplots of the attenuated backscatter for CALIOP and EARLINET after applying this 17 data filtering are presented in Fig.10 The clean marine type of aerosol was detected by CALIOP exclusively in the PBL (Fig.12b) , 23 which is consistent with the marine surface source. However, a negative correlation 24 coefficient was found for this aerosol type. One data point looks like an outlier. If this data 25 point is removed, the statistics for clean marine aerosol type become the following: R = 0.96, 26
The dust aerosol is usually transported over long distances in the FT (Fig.13b) , where its 28 correlation is stronger (R = 0.57) compared to the PBL (R = 0.46, Fig.12c ), because the PBL 29 aerosol is more affected by local sources. 30 are transported in the FT. However, the correlation coefficient for polluted dust aerosol is 3 higher in the PBL (R = 0.44) than in the FT (R = 0.38) (Fig.12d and 13c) . 4
On the other hand, the polluted continental aerosol originates from local sources, which is 5 consistent with the fact that CALIOP detected this type exclusively in the PBL (Fig.12e) ; 6 however, this localization affected CALIOP's ability to represent the variations of the 7 polluted aerosol, because significant spatial averaging is required to obtain adequate SNR. 8
Strong local sources could result in higher temporal and spatial variability in the PBL. 9
Therefore, a poorer correlation (R = 0.37) between CALIOP and EARLINET could be a result 10 of different area coverage for the two methods. 11
The mixed aerosol (Fig.13d ) was detected only in FT cases, with the lowest R = 0.35 value 12 across all aerosol types. The reason for this is that it is a mix of other aerosol types, which 13 causes a low value of the correlation coefficient. 14 The technique of data filtering allowed improving the agreement between different aerosol 15 types, but at the same time the improvements were not very significant. height. A type of data filtering was used to mitigate the multiple layers influence, and the 27 filtering improved the agreement between the two data sets in the PBL. In addition, splitting 28 the aerosol layer heights into two categories distinguished the differences between the PBL 29 and the FT. Before applying the filtering, the CALIOP attenuated backscatter values were 30 lower by 20 % in the PBL compared to the EARLINET measurements, however, they werehigher by 8 % in the FT. After applying the filtering, the correlation coefficient improved 1 (from R = 0.60 up to R = 0.65) within the PBL, and the mean bias decreased from MB = -0.14 2 Mm -1 sr -1 down to MB = -0.09 Mm -1 sr -1 . The factor of exceedance decreased as well, from 3 FoE = -0.12 to FoE = -0.09. Finally, the majority of the outliers in the regression plot of 4 CALIOP and EARLINET attenuated backscatter were shown to be caused by the presence of 5 layers in both the PBL and the FT. 6
The aerosol types detected by CALIOP were consistent with the source of the aerosol and the 7 transport mechanism. Aerosols from local sources were mainly detected in the boundary 8 layer, while long range transport pollution was observed in the FT. The correlation for 9 different aerosol types was stronger within the FT and it was in the range of 0. 
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